Radon and radon progeny inhalation exposure are recognized to induce lung cancer. To explore the role of mitochondria in radon-induced carcinogenesis in humans, an in vitro partially depleted mitochondrial DNA (mtDNA) cell line (ρ−) was generated by treatment of human bronchial epithelial (HBE) cells (ρ+) with ethidium bromide (EB). The characterization of ρ− cells indicated the presence of dysfunctional mitochondria and might thus serve a reliable model to investigate the role of mitochondria. In a gas inhalation chamber, ρ− and ρ+ cells were exposed to radon gas produced by a radium source. Results showed that apoptosis was significantly increased both in ρ − and ρ+ cells irradiated by radon. Moreover, apoptosis in ρ− cells showed a lower level than in ρ + cells. Radon was further found to depress mitochondrial membrane potential (MMP) of HBE cells with knock-down mtDNA. Production of reactive oxygen species (ROS) was markedly elevated both in ρ− and ρ+ cells exposed to radon. The distribution of phases of cell cycle was different in ρ− compared to ρ+ cells. Radon-irradiation induced a rise in G2/M and decrease in S phase in ρ+ cells. In ρ− cells, G1, G2/M and S populations remained similar to cells exposed to radon. In conclusion, radon-induced changes in ROS generation, MMP and cell cycle are all attributed to reduction of apoptosis which may trigger and promote cell transformation leading to carcinogenesis. Our study indicates that the use of the ρ− knock-down mtDNA HBE cells may serve as a reliable model to study the role played by mitochondria in carcinogenic diseases.
Introduction
Radon gas is formed during the radioactive decay of uranium-238, which occurs naturally in rocks and soils in the environment. In 1988, the International Agency for Research on Cancer (IARC) classified radon as a human lung cancer, based on studies of underground miners historically exposed to high levels of radon gas (IARC, 1988; Krewski et al, 2006) . Radon gas enters homes through cracks and other openings in the foundation and accumulates largely in the basement and lower living areas (Marcinowski et al., 1994) . Recent efforts to combine data from individual case-control studies showed positive associations between ecological indicators of residential radon and occurrence of lung cancer (Michelle et al., 2011; Tse et al., 2011) . Despite the fact that radon exposure has been generally acknowledged as the second leading cause of human lung cancer after smoking, the cellular mechanisms underlying radon-induced carcinogenesis remain to be determined.
It is well known that nuclear DNA (nDNA) is the direct target of radiation, in which oncogenes and tumor suppressor genes are responsible for initiation and development of cancer in case of gene mutations (Huang et al., 2003; Kaufmann et al., 2007; Li et al 2007) . Among the organelles in the cell, mitochondria are unique as these cells contain their own DNA, mitochondrial DNA (mtDNA). Human mitochondria possess their own doublestranded circular DNA encoding 13 protein components of 4 enzyme complexes including I, II, IV and V involved in electron transport and oxidative phosphorylation (Fernandez-Silva et al. 2003) .
In the present study, a cell model of human bronchial epithelial (HBE) cells with mtDNA knock-down of mitochondria DNA (zero potential; ρ − ) was established and used to examine the role of mitochondria in radon-and its progeny-induced cellular apoptotic mediated pathways that may be involved in cell transformation and malignancy.
Materials and Methods
Cell culture and generation of HBE cells with partially depleted mtDNA ρ− cells
The immortalized human bronchial epithelial cell line (HBE) was a gift from Professor Wen Cheng (School of Public Health, Zhongshan University). The parental HBE cells (ρ+) were maintained in growth medium containing a 4.5 g/L glucose DMEM, 2 mmol/L L-glutamine, 10% fetal bovine serum (FBS), 100 IU/mL penicillin and 100 μg/ml streptomycin. The partially depleted mtDNA cells (ρ−) were generated by treatment of ρ+ HBE cells with 50 ng/ml ethidium bromide (EB) in growth medium supplemented with 50 μg/ml uridine (Sigma) and 100 μg/ml sodium pyruvate. The ρ− cells were cultured using the growth medium plus 12.5 ng/ml EB and 50 μg/ml uridine, which provides an alternative source of energy through glycolysis to ensure optimal growth. Cell viability was assessed by the MTT assay and found to be 85%.
Determination of mtDNA copies
The mitochondrial DNA (mtDNA) copy number was tested by quantitative real time PCR using the 2 −ΔΔCt method with GAPDH as a reference as described previously (Evdokimovsky et al., 2011) . Using the ρ+ HBE cells as the standard, whose mtDNA copy number (mtDNA amount / nDNA amount) was defined as one, the relative mtDNA copy numbers of the ρ− cells were calculated. ND1 and 16S rRNA was expressed as mean mtDNA, while 18S rRNA was expressed as mean nDNA. Briefly, total cell DNA was extracted with E.Z.N.A.® Tissue DNA Kit (OMEGA, USA) and quantified by spectrometry. Fifty ng DNA was used to amplify the primers (Table. 1) using SYBR Green detection on an 7500 Real-time PCR System (Applied Biosystem, Carlsbad, CA, USA). All reactions were conducted in triplicate in 96-well MicroAmp® optical tubes (Applied Biosystems, USA). PCR conditions were set as follows: an initial step of 2 min at 50 °C and 10 min at 95 °C, followed by 40 cycles of 15 sec at 95 °C for 30 sec, 55 °C for 30 sec, and 72 °C.
Radon and its progeny Irradiation
Exponentially growing ρ− and ρ+ HBE cells were plated onto Transwell membrane (Corning, USA) with a 6 μm mylar bottom at a density of 1 × 10 5 cells 2 days before irradiation. Cells were placed in a gas inhalation chamber (Chinese Academy of Military Medical Sciences, Beijing, China). The gas chamber was connected with a multifunctional radon chamber purchased from Donghua University in China. Randon and its progeny was produced by a radium source using a Changhe pump machine (model BT00-300, China) and pumped into the gas chamber. Cells were directly exposed to radon and its progeny at concentration of 20, 000 Bq/m 3 for 20 min every other day. During exposure, the cells were kept at 37 °C in medium bath. This procedure was continued for 10 passages and each passage was exposed twice. The optimal time and concentration were determined by MTT assay.
Cell staining with fluorescent probe
All cell staining was performed with cells grown in 35 mm dish with 0.17 mm glass bottom. mtDNA staining was achieved by diluting stock PicoGreen solution at 3 μl/ml directly into cell culture medium. (Molecular Probes Inc., Oregon, USA), which specifically visualizes only mitochondrial nucleic acid. The cells were then incubated for 1 hr, and washed twice with medium. Mitochondrion of cells were co-stained with mitochondrion selective dye Mitotracker Red CM-H2XRos (Molecular Probes) by adding 50 nM directly to the culture medium and incubating cells for 30 min.. The cells were then rinsed thrice in pre-warmed PBS and visualized with living cell system (Cell^ R, Olympus, Japan).
Apoptosis analysis with flow cytometry
Apoptosis was determined using annexin V-FITC/propidium iodide (PI) staining assay with an apoptosis assay kit (Invitrogen, USA). Cells with confluence of 70-80% were trypsinized and stained for apoptosis detection through FACS5000 flow cytometry (BECKMAN, CA, USA) according to the manufacturer's instructions. For analysis, early apoptotic cells showed a positive staining of annexin V-FITC. Late apoptotic and dead cells display both membrane positive staining with annexin V-FITC and nuclear positive staining with PI.
Measurement of mitochondrial transmembrane potential
Mitochondrial transmembrane potential (MMP) was investigated using JC-1 (5,5V,6,6V -tetrachloro-1,1V,3,3V-tetraethylbenzimidazolyl-carbocyanine iodide), which was reported to provide more accurate estimates of MMP than other fluorescent dyes (Mathur et al., 2000) . This dye accumulates in the mitochondrial matrix under the influence of MMP, where it reversibly forms monomers (green) and J aggregates (red) with characteristic absorption and emission spectra (Reers et al., 1995) .
Five×10 5 cells were incubated with JC-1 (5 μg/ml final concentration) for 1 hr at 4°C, washed, and immediately analyzed by flow cytometry using 488 as excitation and 530 or 590 nm as emission wavelengths. Bivariate plots of FL1 versus FL2 were used to analyze MMP (Smiley et al, 1991) Flow cytometric data presented are representative of three experiments. The ratio of fluorescent identity at FL2/FL1 was considered as the relative MMP value.
Measurement of intracellular ROS levels
Intracellular reactive oxygen species (ROS) levels were measured by a cell-permeating probe CM-H 2 DCFDA (Invitrogen, USA). CM-H 2 DCFDA is a non-polar compound which is hydrolyzed after entering the cell to form a non-fluorescent derivative, subsequently converted into a fluorescent product in the presence of an oxidant. Briefly, cells were washed, and then loaded with 10 μM CM-H 2 DCFDA for 1 hr. Excitation was set at 488 nm, and emission was recorded on an FL1 detector (525 nm). Data presented here are representative of three experiments. The fluorescent intensity was taken as the relative intracellular ROS level.
Cell cycle analysis
The cells were harvested with a trypsin-EDTA solution to produce a single-cell suspension, pelleted by centrifugation at 600 g for 10 min, and washed with PBS. The cells were then resuspended in a solution of PBS (pH 7.4) containing 25 mg/ml PI (Sigma Chemical Co., St.
Louis, MO, USA), 0.1 mM EDTA and 0.01 mg/ml DNase-free RNase. The samples were incubated for 15 min at room temperature and followed with analysis on a FACS5000 flow cytometer.
Statistic analysis
Data are presented as mean ± standard deviations. Data were subjected to ANOVA and comparisons between irradiation groups (radon) and controls were determined by the Student's t-test. A p <0.05 was considered to be significant.
Results

Characterization of mitochondrial DNA-knockdown (ρ−) and parental (ρ+) cells
In our initial attempts, HBE cells were treated with 50 ng/ml EB for 9 days, and subsequently maintained in the presence of 12.5 μg/ml EB for 30 days. Quantitative real time PCR of total cell DNA showed that mitochondrial DNA knockdown (ρ−) cells contained reduced mtDNA in approximately 20% of the parental ρ+ cells (Table. 1 ). Subsequently, a series of experiments were conducted to characterize the differences between ρ− cells and their parental ρ+ cells. After removal of uridine for 5 days, there was almost complete loss of viability of ρ− cells ( Figure. 1A) .
In order to visualize mtDNA in situ within viable cells, cells were stained with PicoGreen. Although nuclear staining was visible in both ρ− and ρ+ HBE cells, ρ− cells were observed with a faint cytoplasmic speckling, while ρ+ displayed bright punctuate cytoplasmic staining. The morphology of mitochondria was not apparently different between ρ− and ρ+ HBE cell (Figure. 1B) . Subsequently, mitochondrial function was examined using probe JC-1. In ρ+ cells normal mitochondrial membrane potential was noted as evidenced by red J-aggregates. In ρ− cells, the depressed mitochondrial membrane potential resulted in few Jaggregates and staining was mostly green ( Figure 1C ). Data thus indicate that ρ− cells possess dysfunctional mitochondria and that this cell line is a reliable model to investigate the role of mitochondria in in vitro in radon and its progeny-induced cell transformations
Radon-irradiation induced apoptosis in ρ− and ρ+ HBE cells
To explore the role of mitochondria in apoptosis of HBE cells irradiated by radon and its progeny, the % cells undergoing apoptosis and necrosis (post-apoptosis) were determined by staining with annexin V-FITC and PI. Cells in the bottom right quadrant indicated apoptosis, whereas cells in the top right quadrant represented post-apoptotic necrotic population ( Figure. 2A) . Flow cytometric analysis showed significant increased apoptosis % both in ρ− and ρ+ HBE cells following exposure to radon and its progeny. However, when compared with ρ+ cells, ρ− cells demonstrated a significantly lower level of apoptosis in Figure 2B . Although the early apoptotic rate in ρ− cell is higher than in ρ+ cells, it is noteworthy that post-apoptosis was almost absent in ρ− cells (Figure. 2B) . Therefore, data indicate that partial mitochondria deletions as present in knock-down HBE cells may decrease apoptosis induced by radon especially in post-apoptosis in this cellular model.
Radon-irradiation effect on mitochondrial member potential in ρ− and ρ+ HBE cells
The contribution of mitochondria in mediating apoptosis of HBE cells exposed to radon and its progeny was determined by measurement of mitochondrial member potential (MMP) in ρ − and ρ+ using JC-1 fluorescence dye. In cells with normal mitochondrial function, membrane potential-driven accumulation of these dyes results in formation of red fluorescent J-aggregates as shown in control HBE cells ( Figure 3A) . In ρ− cells with lower MMP mitochondria appear green when stained with JC-1 dye. After exposure to radon, the lower MMP in ρ− HBE cells resulted in few J-aggregates and staining was predominantly green (Figure. 3A) . The analysis by flow cytometry also verified that MMP was significantly decreased in ρ− cells compared to ρ+ HBE cells ( Figure. 3B ).
Radon-irradiation influence on ROS levels in ρ− and ρ+ HBE cells
To determine the role of mitochondria in radon-induced oxidative burst, the intracellular ROS levels were examined in ρ− and ρ+ HBE cells. After irradiation by radon and its progeny, production of ROS was markedly increased in ρ− and ρ+ HBE cells (Figure 4) . Further, intracellular ROS was significantly lower in ρ− compared to ρ+ HBE cells, suggesting that reduction of ROS occurs in mtDNA knock-down HBE cells.
Radon-irradiation effect on cell cycle in ρ+ and ρ− HBE cells
The cell cycle distribution was analyzed by flow cytometry after exposure to radon and its progeny ( Figure 5A ). In ρ+ cells, a significant finding was the decrease in S and increase in the G2/M phase fraction produced by radon and its progeny. In ρ− cells, G1, G2/M and S populations remained similar to cells exposed to radon ( Figure 5B ). It is of interest that S phase fraction changed from a rise to a fall following radon radiation in ρ− compared to ρ+ cells. A significant elevation in G1 phase fraction was observed in control and radonirradiated ρ− cells compared to ρ+ HBE cells. These results indicate that the distribution of phases of cell cycle induced by radon irradiation may be different in ρ− and ρ+ HBE cells.
Discussion
Chronic exposure of human bronchial epithelial cells to EB (50 ng/ml), a HBE ρ− cell line was developed to investigate the effects of depleting mtDNA on cellular processes, with a focus on mitochondrial function and apoptosis following radon exposure. After several weeks of culture in EB, cells became dependant on glycolysis for ATP production and required supplementation with uridine and pyruvate. Thus the presence of EB in the culture is necessary to preserve 80% knock-down of mtDNA. Thus in our model the cell line (ρ−) was defined as knock-down rather than knockout or depleted as reported in other studies (King and Attardi, 1996; Ray et al., 2004 ) Mitochondria play a key role in the process of cell death. One of the prominent examples of apoptosis inhibition acting at the mitochondrial level is the over-expression of anti-apoptotic proteins of the Bcl-2 family such as Bcl-2 or its close homologues Bcl-XL and Mcl-1 (Adams and Cory, 2007) . In this study, the apoptosis % in ρ− cells was found to be significantly lower than in ρ+ cells. Although radon exposure increased the apoptotic rate to a higher level, a reduction in the rate in ρ− cells was still clearly seen when compared to ρ+ cells. These observations indicated a key role that mitochondria play in inhibition of cellular apoptosis. In agreement with this finding several investigators demonstrated that mitochondria play an important role in apoptotic pathways (Simone, 2010) .
Mitochondria produce reactive oxygen species (ROS), which are involved in the regulation of many physiological processes, but which might also be harmful to the cell if produced in excessive amounts. An increased mitochondrial formation of ROS triggers the intrinsic pathway by opening permeability transmission pores with enhanced permeability of the outer mitochondrial membrane (Palmer et al., 2000) . A number of conditions may lead to the intra-mitochondrial excessive generation of ROS, which favor oxidative damagedependent mutagenesis and hence promote tumorigenesis (Zhou et al., 2007) . Dasgupta et al.(2008) found that enhanced electron leakage and ROS overproduction resulted in mutations of the nuclear or mitochondrial DNA may affect components of the respiratory chain such as cytochrome b and favor uncoupling. It is of interest that such mutations are also noted in a wide variety of cancers (Modica-Napolitano and Singh, 2004) . In the present study, intracellular ROS levels in ρ− cells were markedly lower than in ρ+ cells. This is not surprising since knock-down of mtDNA may lead to significant reduction in number of mitochondria and then diminished ROS production. As in the case of apoptosis, radon exposure induced a significant elevation of ROS levels in both cell types but the level of ROS in ρ− cells was only 48% of that in ρ+ cells. Data thus suggest that less radon-induced apoptosis in ρ− cells may be associated with absence of mitochondria as evidenced by reduced ROS generation.
The dissipation of the mitochondrial electrochemical potential gradient (ΔΨm) is considered an early event in apoptosis which is inhibited in tumor cells due to decreased release of apoptotic factors. Enhanced mitochondrial gene expression may attenuate apoptosis in cell transformation (Shidara et al., 2005) . In our study MMP was decreased by radon irradiation. However, the association of this observation with apoptosis requires further investigation. Singh (2006) postulated that mitochondrial damage checkpoint (mitocheckpoint) might be activated by mitochondrial derangement, thereby preventing cell cycle progression until restoration of mitochondrial functions. In the present study, the distribution of phases of cell cycle was altered in both control ρ− and radon exposed cells with a prolonged G1 phase. After radon exposure, the fraction of S phase increased while that of G2/M phase decreased in ρ− compared to ρ+ cells. These results indicate a checkpoint arrest of G1 phase in cell cycle due to either mtDNA knockdown or radon irradiation, which may be a consequence or a parallel event occurring in apoptosis.
In conclusion, a mtDNA knockdown cell model was established to study the role of mitochondria in cell apoptosis induced by radon and its progeny. Changes in ROS generation, MMP and cell cycle are all attributed to a reduction in apoptosis that may trigger and promote cell transformation leading to radon-induced carcinogenesis. Radon-irradiation influence on ROS levels. Cells were loaded with 10 μM CM-H 2 DCFDA for 1 hr. The intracellular ROS levels were examined by flow cytometry. The fluorescent intensity was taken as the relative intracellular ROS level. Data presented here are representative of three experiments. Data are expressed as means ± S.D. *, p<0.05, compared to control cells Δ, p<0.05, compared to ρ+ cell. 
